The ability of the kidneys to excrete a concentrated urine is impaired together with other renal functions whenever the kidneys are progressively scarred and the amount of functioning renal parenchyma is diminished. Concentrating capacity and glomerular filtration rate are therefore reduced roughly in parallel in many common diseases which cause widespread scarring of the kidneys. The present discussion, however, will be concerned with some rarer disorders of the kidney in humans that are characterized by disproportionate, sometimes specific, involvement of the concentrating function. In some instances these patients exemplify principles of renal physiology well established in dogs and rats. In other cases they represent unique experiments of nature which have illuminated our understanding of the concentrating process in man.
One way in which the kidney of man differs from that of the dog and the rat is in the fraction of the total number of nephrons that dip long loops of Henle into the renal medulla and therefore contribute to the elaboration of a concentrated urine. Whereas all of the dog's nephrons have long loops, and one third of the rat's glomeruli filter fluid which will find its way to the papillary tip, the papilla of a man's kidney contains thin loops from only about 10 to 14 per cent of its nephrons.' Those few nephrons that do contribute to the renal pyramid and hence to the formation of a concentrated urine, originate chiefly in glomeruli in the juxtamedullary portion of the cortex. For these reasons, when destruction of the kidney is confined to the medulla in man, concentrating ability may be severely impaired while glomerular filtration rate is only slightly lowered. Diseases limited chiefly to the cortex (like acute glomerulonephritis) are likely at first to spare concentrating ability and the quotient of TCH20 and GFR in such patients is usually normal. On the other hand, when the juxtamedullary portion of the kidney is specifically involved, and, of course, when there is selective medullary destruction or fibrosis, we may expect hyposthenuria to be especially prominent.
Medullary Cystic Disease
Medullary cystic disease is a case in point. Table 1 shows some data from a 10 year old boy with this disease, who drank 10 to 15 glasses of water a day at home, and was admitted to the hospital because of weakness and retardation of growth. I want to call particular attention to the fact that the urine was consistently dilute to plasma even after dehydration and Serum creatinine = 1.7 mg/100 ml. BUN = 54 mg/100 ml. Ca = 8.3 mg/100 ml. P 4.9 mg/100 ml.
vasopressin. Serum potassium was normal and the calcium was not high. The blood urea was only moderately elevated and the serum creatinine was 1.7 mg/100 ml. In addition to the concentrating defect, the kidneys were unable to conserve sodium when the dietary intake of salt was restricted. Some months after these studies the boy died of a lung abscess. At postmortem, the selective destruction of medullary tissue by small cysts was apparent, as was the concentration of cysts at or close to the corticomedullary border. It is easy to visualize how the normal delicate balance of countercurrent flow through hairpin loops is disrupted by these anatomical changes.
Amyloid Disease of the Medulla Table 2 shows another unusual case in which the primary pathology was even more sharply limited to the medulla, and in which urine more dilute than plasma was excreted, despite the administration of large amounts of vasopressin. A 37 year old man with chronic osteomyelitis and carcinoma of the lung was found to have a urinary output of 3 to 6 liters per day. Blood urea, serum electrolytes and serum calcium were normal. After 14 hours of water deprivation, the urine osmolarity was 201 mOsm/ Kg. Hyposthenuria was unaffected by infusion of hypertonic saline and of vasopressin. At postmortem, deposits of amyloid were found in the medulla, in thick cuffs surrounding the collecting ducts and involving to a smaller extent about one third of the vasa recta. Microdissection showed that the medullary collecting system was involved most heavily, and the cortical tubules not at all. Minimal deposits were seen in the glomeruli. The proximal and distal convoluted tubules and the loops of Henle were not involved. Extensive thickening of the walls of the collecting ducts in this case presumably interfered with the normal action of vasopressin in permitting equilibration between collecting duct urine and interstitium.' I should like to focus, however, on another implication of this case and also of the last. The point is that the urine, even without an osmotic load, and despite the presence of antidiuretic hormone, was hypotonic; that is, less concentrated than plasma. Micropuncture experiments indicate that urine in rats, in the presence of vasopressin, equilibrates with plasma and becomes isotonic in the late distal tubule. On the other hand, Clapp and Robinson' have recently shown that in hydropenic dogs, distal tubular fluid is less than half the osmolarity of plasma. Patients such as the two just presented suggest strongly that in this respect man is more like the dog than the rat, and that in man deprived of water, the distal convoluted tubules deliver dilute urine to the medullary collecting ducts even in the presence of vasopressin and even without the stimulus of an osmotic diuresis.
Familial Nephrogenic Diabetes Insipidus
If this is indeed the case, it may go far to explain the pathogenesis of two more disorders of renal concentrating ability, namely, familial nephrogenic diabetes insipidus, and cystinosis, or Fanconi's disease. In both of these conditions, dilute urine is habitually formed, hypotonic to plasma, and resistant to the injection of antidiuretic hormone. The situation in Fanconi syndrome is complicated by the frequent presence of potassium wasting and potassium deficiency. This is not present, however, in nephrogenic diabetes insipidus. Professor Darmady' has shown recently by the microdissection technique that the proximal tubules are abnormally short in children with these disorders. It seems likely, therefore, that an unusually large volume of glomerular filtrate escapes resorption proximally and is delivered to the distal nephron. Here it is rendered hypotonic and a substantial fraction of it is passed on to the collecting ducts. The excretion of a large volume of dilute urine might therefore be the result of a flooding of the medullary collecting ducts rather than a failure of the collecting ducts to increase their permeability to water in response to vasopressin. Reducing the volume of filtrate delivered to the distal tubule might be expected to reduce polyuria and increase urinary concentration and this is, in fact, the basis of the successful treatment of nephrogenic diabetes insipidus with chlorothiazide.
Hyposthenuria during Paroxysmal Hypertension
Another interesting example of polyuria resistant to pitressin which may be explained in this way has been described by Berlyne5 as "nocturnal nephrogenic diabetes insipidus." Certain patients with malignant hypertension develop polyuria at night in association with a rise in blood pressure and an increase in solute excretion. At these times and at these times only, the urine is dilute to plasma and remains hypotonic despite injections of vasopressin. Potassium deficiency and aldosteronism were excluded in Berlyne's cases. Intermittent flooding of the distal tubules with unreabsorbed proximal urine might well contribute to this picture. An additional explanation is suggested by the fact that blood pressure rose during the diuresis and that the hypotonic polyuria (which usually occurred only at night) could be reproduced in the daytime by the infusion of angiotensin. Thurau67 has shown in dogs that medullary blood flow is not autoregulated. An increase in the pressure perfusing the renal artery which leaves glomerular filtration rate and renal blood flow unaffected may nevertheless greatly accelerate blood flow through the medulla. This would wash sodium out of the medulla, dissipate the normal counter-current osmotic gradient, and encourage the formation of a dilute urine. This may help to explain the phenomenon of intermittent hyposthenuria during periods of paroxysmal hypertension.
Potass,ium Deficiency and Hypercalcemia
Two metabolic disorders that impair concentrating ability in both man and animals are potassium deficiency and hypercalcemia. The mechanism of the impairment has received considerable attention in animal experiments. Both potassium deficiency and hypercalcemia alter the response of frog skin and toad bladder to vasopressin, but it seems clear that failure of water to reach osmotic equilibrium between collecting duct urine and medullary interstitium is not a cause of the hyposthenuria, at least in rodents. In the papilla of potassium-deficient hamsters, for example, Gottschalk8 has shown that the solute concentrations of fluid in the loop of Henle, the vasa recta, and the collecting ducts are all about the same, and equally diminished when compared with normal animals. The cause for the concentration defect, then, is not disequilibrium between urine and medulla, but a lowered concentration of solutes in the medullary interstitium. The sodium content of the papilla of potassium-deficient and hypercalcemic dogs and rats is in fact decreased.9'10 What is the reason for this? Micropuncture experiments in anesthetized rats have suggested that it is because glomerular filtration rate is decreased, and a greater proportion of filtrate is reabsorbed in the proximal tubule, so that less sodium gets to the medulla.'1 It is unlikely, however, that this is a cause of hyposthenuria in potassium-deficiency in man. The careful experiments of Rubiniu in human volunteers document quite clearly that severe reductions in concentrating ability occur early in the course of potassium deficiency, without any reduction in glomerular filtration rate, and while sodium is excreted plentifully in the urine. It seems more probable that for reasons that are not yet clear, potassium deficiency impairs the ability of ascending medullary loops of Henle to reabsorb sodium against a concentration gradient. This hypothesis cannot, unfortunately, be properly tested by micropuncture of the distal tubule in rats, since distal tubules on the surface of the rat kidney do not belong to nephrons with thin loops which dip into the medulla.
There is one form of potassium depletion that is not associated with decreased concentrating ability. This is the potassium depletion caused by magnesium deficiency. When rats are placed on a magnesium-deficient diet, they lose potassium in the urine, and although serum potassium is unchanged, the content of potassium in muscle and in kidney falls. Nevertheless, maximum urinary concentration is unimpaired.' Magnesium deficiency in man is also associated with potassium depletion, but in man, unlike the rat, serum potassium has a tendency to fall. There is some suggestion that in man, as well as the rat, when potassium depletion is 1I" Volume 39, December, 1966 caused by or associated with magnesium deficiency, renal concentrating ability is less severely affected than when potassium deficiency occurs alone. Doctors Gitelman and Welt* have studied an unusual patient with chronic magnesium deficiency and hypokalemia. Serum magnesium was 0.52 mEq/L, and serum potassium was 1.9 mEq/L with normal bicarbonate and pH. Maximum urinary concentration was 535 mOsm/L. In uncomplicated potassium depletion, a serum potassium of less than 2 mEq/L is always associated with greatly impaired concentrating ability, so that the maximum osmotic concentration of the urine is usually less than 400 mOsm/L, or little different from the osmolar concentration of plasma. It is interesting that the chief exceptions to this rule in the literature are found in certain patients with primary aldosteronism. In such patients the concentrating defect might possibly be mitigated by magnesium deficiency, since aldosterone is known to accelerate greatly the urinary excretion of magnesium.
It is perhaps not surprising that hypercalcemia should interfere with concentrating ability, since calcium is concentrated in the medulla of the kidney in the same way as is sodium, and if high concentrations of calcium were injurious, the cells of the medullary tubules should be the first affected." In dogs with experimental hyperparathyroidism, or rats with vitamin D intoxication, the earliest deposition of calcium is indeed to be found in the ascending loops of Henle, the distal convolutions, and the collecting ducts. In hypercalcemic humans the medulla is also heavily affected, although with severe and long-standing hypercalcemic disorders, proximal cortical tubules and even blood vessels and glomeruli become calcified. The degree of the concentrating defect, in both animals and patients, appears to depend more on the duration of hypercalcemia and the extent of tissue deposition, than on the exact level of serum calcium. Table 3 , for example, shows a comparison of the changes in concentrating ability produced in two dogs: on the one hand, by experimental hyperparathyroidism, and on the other, by an acute infusion of calcium. Concentrating ability was greatly depressed in the dog with chronic hypercalcemia and only slightly lowered in the animal made hypercalcemic by calcium infusion. In both dogs, the concentration of calcium in serum and urine were similar. Calcium content of tissue in the renal cortex was about the same in both. Tissue calcium in the medulla, however, was greatly increased in only one-the dog with the greatest drop in concentrating capacity.
One mechanism by which a high concentration of calcium inside cells might interfere with active transport of sodium by tubules of the medulla * Personal communication, H. Gitelman and L. G. Welt (U. of North Carolina). and with concentrating ability has been suggested by the action of calcium on Na-K-ATP'ase of kidney cells. Calcium forms a tight complex with intracellular adenosine triphosphate. The CaATP complex is a potent inhibitor of the sodium-stimulated hydrolysis of ATP by kidney cell membranes. The inhibition can be reversed by increasing the concentration of MgATP in the medium. It is interesting that the relative intracellular concentrations of Mg, Ca and ATP in kidney tissue in vivo are quite close to the concentrations at which, in the test tube, calcium inhibition of the diminished during osmotic diuresis; in fact, TCH20 may be normal. The second interesting fact about sickle anemia is that, at least in children who have the disease, concentrating ability becomes normal when exchange transfusion is performed and red cells containing normal hemoglobin are exchanged for cells containing sickle hemoglobin. The concentrating problem is therefore somehow connected with the abnormal red cells and is not a genetic defect of the kidney. Thirdly, sickle anemia cells change their shape abruptly and become sickled when they are immersed in hypertonic salt solutions.' Low oxygen tension, of course, also promotes sickling since reduced sickle hemoglobin has a strong tendency to form regular molecular aggregates that deform the shape of the red cell. But the effect of a hypertonic solution on sickle cell formation is apparent even if no reduced sickle hemoglobin is present, though it is greatly enhanced if the oxygen tension is reduced. Finally, sickling of red cells greatly increases the viscosity of the blood and slows the flow of blood through capillaries where sickling is produced. These facts taken together suggest that the peculiar concentrating defect in sickle cell anemia is related to a selective ischemia of the medulla created by the tendency of the abnormal red cells to sickle when they enter the hypertonic environment of the papillary vasa recta. The mechanism would operate as follows: 1) Sickling would increase the viscosity of blood entering the medulla and therefore the resistance to the flow of blood through the medullary capillaries. 2) Blood flow through the renal medulla would therefore be selectively decreased without important changes in cortical blood flow and glomerular filtration rate. The latter measurements are, in fact, normal or elevated in most young individuals with sickle-cell anemia.
3) The supply of oxygen to renal tubular cells lining the loops of Henle would be diminished. 4) As a result, active reabsorption of sodium by these cells would be reduced. 5) Hypertonicity of the medullary interstitium would therefore be decreased, resulting in a lower concentration of solute in the final urine. 6) As medullary tonicity was lowered, sickling in medullary capillaries would be less pronounced, permitting medullary blood flow to increase. The final level of blood flow to the medulla, and of maximum urinary solute concentration, would depend upon the equilibrium point of a feedback system in which medullary tonicity and medullary blood flow influence each other. Under these circumstances, one would expect that during osmotic diuresis, when medullary blood flow increases and the tonicity of the medulla is diminished, the ability of the loops of Henle to reabsorb sodium and of the kidneys to reabsorb solute-free water, would improve and approach normal. This is, of course, exactly what seems to happen in sickle cell anemia.
An important implication inherent in this line of reasoning, (in fact, a prerequisite to it) is that under some circumstances, in man, the supply of oxygen to the medulla limits the work the medulla can do. This does not necessarily conflict with the well-known capacity of medullary slices to perform anaerobic glycolysis, since it is likely that the medulla also derives at least part of its energy from oxidative processes. If this is true, it may have a general application in disorders of concentrating ability and diseases of the kidney that extends beyond the tantalizing experiment of nature which sickle cell anemia represents.
SUMMARY
Although in most diseases of the kidney, glomerular filtration rate and concentrating capacity are reduced in parallel, in certain disorders the ability of the kidneys to concentrate urine is specifically and disproportionately affected. These include medullary cystic disease, amyloid involvement of the renal medulla, familial nephrogenic diabetes insipidus, certain instances of paraxysmal hypertension, potassium deficiency (though not when caused by magnesium depletion), hypercalcemia, and sickle cell anemia. The mechanisms of the concentrating defect in these diverse disorders and their implications for the physiology of the normal human kidney are discussed.
